The effect of removing the Y base from the anticodon loop of yeast tRNAPhe has been examined by high-resolution proton nuclear magnetic resonance spectroscopy and optical melting. Analysis of the changes in the nuclear magnetic resonance spectra indicate that the removal of the Y base produces a small conformational change in the anticodon stem in which all the interbase separations are increased by approximately 0.2 A. The temperature dependence of the nuclear magnetic resonance spectra and the optical melting measurements indicate that the high temperature stability of tRNAPhe is decreased by removal of the Y base. With the exception of the anticodon stem, the secondary structure of the other helical stems of the molecule appear to be unaltered when the Y base is excised. show that the two molecules are quite similar, but not necessarily identical (5). Consequently, the problem of precisely delineating the subtle structural changes that occur when the Y base is removed from tRNAPhO has not been solved. Recently, high-resolution nuclear magnetic resonance (NMR) has been used to observe the exchangeable hydrogen-bonded protons of the Watson-Crick type base pairs and to obtain information about the structure of tRNA molecules in soluAbbreviations: NMR, nuclear magnetic resonance; ppm, parts per million. * Submitted in partial fulfillment of the Ph.D. Degree in Chemistry at the University of California, Riverside, Calif. 3843 tion (6-13). Since the spectral position of the resonance associated with each base pair in the molecule is very sensitive to nearest-neighbor effects, high-resolution proton NMR provides a uniquely sensitive tool for studying structural changes in tRNA. In this communication, we have examined the proton NMR spectra of tRNAPhe and tRNAPhe-Y at various temperatures and their optical melting behavior in order to identify the nature and extent of structural changes that occur when the Y base is removed from the anticodon loop. As we shall show, this chemical modification has measureable effects on the structure of the anticodon stem, but other helical portions of the molecule appear to be unaffected.
When yeast tRNAPhe is treated with dilute HCl, the Y base located in the anticodon loop can be selectively removed from the molecule. The biochemical properties of this modified tRNA (designated as tRNAPhe-Y) have been investigated by Thiebe and Zachau, who found that the rate of charging of tRNAPhe-Y is slightly slower than the rate of charging of tRNAPhe, but the extent of charging is the same for both molecules (1) . Ribosomal binding, on the other hand, is completely abolished by removal of the Y base and, rather surprisingly, yeast tRNAPheY cannot be charged by Escherichia coli synthetase although yeast tRNAPhe can be heterologously charged by the E. coli synthetase (2) . To account for these latter results, Thiebe and Zachau suggested that removal of the Y base may induce conformational changes not only in the single-stranded anticodon loop region, but elsewhere in the molecule (2 show that the two molecules are quite similar, but not necessarily identical (5) . Consequently, the problem of precisely delineating the subtle structural changes that occur when the Y base is removed from tRNAPhO has not been solved. Recently, high-resolution nuclear magnetic resonance (NMR) has been used to observe the exchangeable hydrogen-bonded protons of the Watson-Crick type base pairs and to obtain information about the structure of tRNA molecules in solu- (14) . Acceptor activity indicates that tRNAPhe is at least 96% pure. tRNAPhe-Y was prepared by acid treatment of tRNAPhe, as described by Thiebe and Zachau (1) .
The removal of the Y base, as monitored by the disappearance of the characteristic Y fluorescence from the tRNA sample, was at least 98% complete. The size of the tRNAPhe-Y was tested with a Sephadex G-100 column operated at 600C, and found to be a single molecular species. The biological activity of tRNAPhe-Y was tested by charging with radioactive phenylalanine. It was found to be in excellent agreement with the results reported by Thiebe and Zachau (1) . For the NMR experiment, samples of tRNAPhe and tRNA Phe_ Y (both about 35 mg/ml) were dissolved in a solution containing 0.01 M cacodylate buffer (pH 7), 0.1 M NaCl, and 0.01 M MgCl2. The NMR spectra were obtained with a Varian HR 300 spectrometer; these results are shown in Figs. 1 and 2. All spectra were accumulated for several hours to improve the signal-to-noise ratio. Resonance positions are indicated in parts per million (ppm) downfield from DSS (2,2-dimethylsilapentane-5-sulfonate). In the optical experiment, samples (about 7 Amoo units) were dialyzed twice against 0.01 M cacodylate buffer (pH 7)-0.1 M NaCl-3 mM MgCl2 at 0C, and stored at -30'C before use. Each melting curve was obtained in 5 min with a melting apparatus designed in our laboratory by Mr. B. F. Rordorf, and some of these results are shown in Fig. 3 . Since there are noticeable differences in the melting behavior of these two samples, it is worth pointing out that identical results were obtained on samples that had been stored for several months at -30'C before they were again examined. (See Table 1 .)
RESULTS AND DISCUSSION
The lowfield (11-15 ppm) proton NMR spectra of tRNAPhe and tRNAPPhe-Y at 350C are compared in Fig. 1 . In previous papers, we discussed the assignment of the lowfield resonances to ring NH protons of specific AU and GC base pairs in tRNAPhe; these assignments are summarized in Table 1 .
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When the two spectra shown in Fig. 1 are compared, it is evident that only certain resonances are affected by removal of the Y base; this fact was noted previously (9) . As indicated in Table 1 , the most noticeable changes are in peaks C, G, and H ( Fig. 1) , with some spectral change occurring on the lowfield side of peak F. Peaks A, B, D, and possibly E appear to be unaffected. Peak H is assigned to GC no. 13 at the terminus of the H2U stem; it was previously shown that the behavior of this resonance is very sensitive to the conformation of the H2U loop. We might therefore be tempted to conclude that removal of the Y base produces a change in the H2U loop conformation. We are reluctant to draw such a conclusion since we also found that the behavior of peak H (but none of the other peaks) in tRNAPhe is quite sensitive to small changes in experimental conditions (pH, temperature, salt) (9, 12).
Consequently, we cannot be sure whether slight differences in these other experimental conditions might be responsible for the change in peak H. The interpretation of the other shifts is quite straightforward, however. The one feature that is common to the other shifted resonances is that they all involve base pairs associated with the anticodon stem. We therefore conclude that removal of the Y base has in some way affected the structure of the anticodon stem, without affecting the structure of any other helical region of the molecule. This conclusion seems reasonable in view of the proximity of the anticodon loop to the anticodon stem (15) , and furthermore, any other interpretation of the data appears to be unreasonable. For example, peak C is assigned to resonances from base pairs nos. Broadening-attributed to conformational mobility of H2U loop
The assignments of the resonances are taken from earlier work (8, 9) .
it would be difficult to understand why other resonances in the TV stem (e.g., AU no. 52 in peak B) were unaffected. Similar arguments apply to other resonances.
Having identified which base pairs are responsible for the spectral changes, we must now inquire as to the origin of shifts that have occurred in the spectra. In our earlier studies of the lowfield NMR spectra of tRNA molecules, we concluded that the position of the resonance from each base pair is sensitive to nearest-neighbor ring-current field effects, and therefore to the inverse third power of the interbase separation (9, 10) . To the extent that our interpretation of the role of ring-current field effects is correct, we conclude that the observed spectral shifts are due to an increase in the separation of all base pairs in the anticodon helix by approximately 0.2 A. In the specific case where a guanine residue is responsible for shifting a resonance by 0.7 ppm, we calculate that an increase in the interbase distance of only 0.2 X would lead to a 0.1-ppm shift in a resonance. By way of contrast, the ringcurrent shifts are very insensitive to relatively large changes in the pitch angle (±50). It would appear, then, that the anticodon helix has slightly unwound as a result of the removal of the Y base, and in this way a structural perturbation initiated in the anticodon loop is actually propagated some distance down a helix.
While it might seem surprising that removal of a single base should affect such distantly located structural features of the molecule, our interpretation of the NMR results appear to be supported by the optical data as well as the temperature dependence of the NMR spectra (Fig. 2) . Comparison of the two optical melting curves shown in Fig. 3 shows that while tRNAPhe and tRNAPhe-Y show about the same overall hypochromicity (27%), tRNAPhe-Y exhibits clear evidence for early melting. Under the experimental conditions shown in Fig. 3 ( i.e., 3 mM Mg++), some early melting in tRNAPhe-Y occurs around 50'C, and by 60'C there are substantial changes in the absorbance. By way of contrast, tRNAPhe does not begin to melt substantially until around 650C. With higher magnesium concentrations, the melting temperature for both samples increases but the differences between tRNAPhe-Y and tRNAPhe remain.
The lower melting observed in the optical experiments is also reflected in NMR spectra by the fact that the resonances from tRNAPhe-Y begin to disappear significantly at 620C, whereas there is little or no corresponding loss of intensity from tRNAPhe at 620C. These observations support our conclusion that removal of the Y base produces some alteration in the helical structure of tRNAPhe which decreases the high temperature stability of the molecule.
CONCLUSIONS AND COMPARISON WITH PREVIOUS STUDIES
The results presented here demonstrate that high-resolution NMR can be used to detect the very subtle structural alterations in the helical stems of tRNA molecules. Specifically, we have shown that removal of the Y base from the anticodon loop of tRNAPhe causes a partial "unwinding" of the anticodon stem and consequently a decrease in the high temperature stability of the molecule. In previous studies it has been shown that the removal of the Y base greatly altered the binding of complementary oligonucleotides to the anticodon loop of tRNAPhe (3, 4), but there was no convincing evidence from physical measurements for any other structural changes in the molecule. However, on the basis of biochemical evidence, Thiebe and Zachau had suggested that there might be other changes in the structure of tRNAPhe-Y in addition to the obvious change in the structure of the anticodon loop (2). 
